An analytical technique of rare-earth elements (REE) in rock samples using a high-performance ion chromatography (HPIC) is described. The REE in rock samples were separated from other elements using a conventional ion-exchange column, and then measured by the HPIC. α-hydroxyisobutyric acid and Arsenazo III were used for eluants and a post-column reagent for the HPIC, respectively. The use of a high-resolution HPIC column enabled to analyze all fourteen REE without any interference from Y and other transition metals. The REE concentrations determined for twelve Geological Survey of Japan rock reference samples, having varied major element compositions, showed good agreement with the recommended values and the values recently obtained by inductively coupled plasma-mass spectrometry (ICP-MS). This HPIC technique provides an inexpensive means to obtain high-quality data of all fourteen REE in rock samples as small as <50 mg, and potential for wide geochemical applications as an alternative to ICP-MS. cisely and rapidly. However, the REE analysis using all these methods requires significantly large instrumental, running and maintenance costs. In addition, ICP-AES requires relatively large sample size (500 to 1000 mg) for precise REE determination and has difficulties in analyzing low levels of Pr, Tb and Tm (Walsh et al., 1981) . INAA needs access to a nuclear reactor facilities for REE analysis, and is also generally unsuitable for the determination of Pr, Gd, Dy, Ho and Er (Barnes and Gorton, 1984) . ID-TIMS is the most precise and accurate method for REE analysis, but not applicable to the determination of monoisotopic REE (Pr, Tb, Ho and Tm). Therefore the development of an alternative method that is capable of analyzing all REE in small amount of rock samples at a reasonable cost still has great signifi-
INTRODUCTION
Data of rare-earth elements (REE) are essential to modern solid-earth geochemistry because the REE concentrations are valuable tracers for investigating various petrogenetic processes occurring in crust and mantle. The REE concentrations in rock samples are usually determined by inductively coupled plasma-mass spectrometry (ICP-MS), inductively coupled plasma-atomic emission spectroscopy (ICP-AES), instrumental neutron activation analysis (INAA), or isotope dilution-thermal ionization mass spectrometry (ID-TIMS). Especially, recent progress in ICP-MS has enabled to analyze all fourteen REE (La to Lu, except for naturally nonexistent Pm) in relatively small amount of samples (<100 mg) pre-cance.
High-performance ion chromatography (HPIC) and high-performance liquid chromatography (HPLC) can be candidates for an alternative to ICP-MS, ICP-AES and INAA for REE analysis. In these methods, the REE ion in sample solution is adsorbed onto ion-exchange resin (HPIC) or charged surface of hydrophobic support (HPLC), and each of REE is chromatographically separated from other REE, and then analyzed by absorptiometry after reacting with a post-column reagent. The instruments of HPIC/HPLC are currently used in widespread analytical routines in institutes globally, and commercially available at a reasonable cost. Some pioneering studies revealed that the HPIC/HPLC is an excellent means of REE analysis in rock samples (Cassidy, 1988; le Roex and Watkins, 1990; Watkins and le Roex, 1992; Asahara et al., 1995; Na et al., 1995) , although some REE (Dy or Ho in all cases and Er, Tm and Lu in individual cases) were not measurable and relatively large sample size (300 to 1000 mg) was generally required in these studies for precise REE analysis. In this paper, we present an improved HPIC technique in which all fourteen REE in rock samples as small as <50 mg can be determined with satisfactory precision and accuracy. The REE in twelve rock reference samples of Geological Survey of Japan (GSJ) are analyzed using this technique, and possible applications of the HPIC to geochemical studies are discussed.
EXPERIMENTAL

Instrumentation
The HPIC system in this study ( Fig. 1 ) was built principally using the Shimadzu LC-VP series HPLC/HPIC components. The instruments include a Shimadzu DGU-12A degasser, two Shimadzu LC-10ADvp pumps for eluants (pumps 1 and 2 in Fig. 1 ), a Shimadzu 228-35326-91 mixer, a Reodyne 7725i sample injector with a 20 µl sample loop, a Shimadzu PRR-2A pump for post-column reagent (pump 3 in Fig. 1) , and a Shimadzu SPD-10ADvp variable-wavelength UV/ VIS detector. Shodex IC R-G and IC R-621 columns were used for guard column and analytical column, respectively. The IC R-621 is a high-resolution column developed for REE analysis, adsorbent of which consists of cation-exchange resin. These columns were put in a Shimadzu CTO10Avp temperature-controllable column oven. The proportion of two eluants entering the column and the total flow rate were precisely controlled by a Shimadzu SCL-10Avp system controller, making it possible to automatically control the linear gradient program for the HPIC analysis. The chromatogram obtained was analyzed by a Shimadzu C-R8A data processor.
Reagents
All solutions were prepared with 18 MΩ -water produced by Milli-Q system. All other reagents were analytical-grade quality. The α-hydroxyisobutyric acid (HIBA) solution was used for the eluants of the HPIC in this study (Table  1) . 52.1 g of HIBA and 11 g of NaOH were dissolved with water to give 500 ml of 1M HIBA (pH = 4.0). This solution was passed through 0.45 µm nylon membrane filer to remove insoluble impurities originated from the HIBA reagent, and then used as one of the eluants (eluant 2 in Fig. 1 and Table 1 ). Another eluant (0.1M HIBA, pH 4.0; eluant 1 in Fig. 1 and Table 1) was prepared by diluting 100 ml of the 1M HIBA (eluant 2) to 1000 ml with water. The post-column reagent (0.018% Arsenazo III in 0.1M H 3 PO 4 ) was prepared by the dissolution of 0.18 g of Arsenazo III and 11.5 g of 85% H 3 PO 4 in 1000 ml of water. The multi-element standard solution containing all REE and Y was made by accurately diluting 1000 µg/ml each element solution (Wako Pure Chemical Industries) with 0.1M HNO 3 to give appropriate concentrations.
Samples
Twelve of GSJ "Igneous rock series" rock reference samples were analyzed in this study. They include basalt (JB-1a, JB-2 and JB-3), andesite (JA-1, JA-2 and JA-3), rhyolite (JR-1 and JR-2), gabbro (JGb-1) and granite (JG-1a, JG-2 and JG-3). These samples show wide range in major element composition (SiO 2 = 44 to 76 wt.%, MgO = 0.04 to 7.9 wt.% and K 2 O = 0.2 to 4.7 wt.%; Imai et al., 1995) , providing an appropriate suite for evaluating the validity of the HPIC for analyzing rock samples with varied compositions.
Sample dissolution and matrix removal
Typically about 50 mg of rock power (21 to 78 mg in this study) was weighed in a 7 ml PFA Teflon vial. The sample was soaked with 0.1 ml of water, and then 0.5 ml 61% HNO 3 and 1.5 ml 46% HF were added. The vial was tightly capped, and the sample was decomposed on a hot plate at a temperature of 140°C for 12 hours. After cooling down to room temperature, the vial was opened, and the sample solution was evaporated to dryness at 140°C. 0.2 ml of 60% HClO 4 and subsequently 2 ml of 6M HCl were repeatedly (two times) added to the sample and then dried up at 180°C. The dried sample was then dissolved in 2.3 ml of mixed acid (4M HNO 3 : 1M H 2 C 2 O 4 = 1:1).
In the HPIC analysis, matrix elements must be removed from REE to eliminate the possible interference caused by these elements and to reduce the dilution factor of REE in the sample solution. Therefore, the pretreatment of sample using an ion-exchange column is generally carried out in the HPIC/HPLC analysis (Cassidy, 1988; le Roex and Watkins, 1990; Watkins and le Roex, 1992; Asahara et al., 1995; Na et al., 1995) . The procedure of matrix removal used in this study is the modified version of the method described in Lee et al. (2000) . 1 ml of cation exchange resin (BioRad AG 50W X12, 200-400 mesh) packed in Muromac polypropylene column (5.0-5.5 mm i.d. × 42 mm) was used for REE group separation. The volume of the ion-exchange resin used this study is 1/10 of that in Lee et al. (2000) , significantly reducing the volume of eluant and the experimental time needed for REE group separation, and minimizing the REE blank from reagents. The sample dissolved in the mixed acid was loaded onto the cation-exchange column that had been previously conditioned by 2 ml of 2M HNO 3 . Subsequently, 14 ml of 2M HNO 3 was added to the column to elute out the interfering metal ions. REE and Y were then collected in a 7 ml PFA Teflon vial by adding 7 ml of 6M HNO 3 to the column. During the separation, column temperature was kept at 26°C. The collected REE solution was evaporated to dryness at 140°C. The recovery yields of REE in this column pretreatment determined using artificial standard solutions were 98.5 to 99.4%. To eliminate the organic material including the dissolved resin, 0.5 ml of 61% HNO 3 and a few drops of 60% HClO 4 were added to the sample and then dried up at 180°C. The dried sample was dissolved in 1 ml of 2M HNO 3 and then transferred into a concave-bottom 5 ml PFA Teflon vial. After drying at 140°C, the sample was used for the HPIC analysis.
HPIC analysis
Analytical conditions for the HPIC in this study are summarized in Table 1 . Generally 50 µl of 0.1M HNO 3 were added to the dried sample using a well-calibrated micropipette, and then the dissolved sample was injected to fill a 20 µl sample loop. In the case of the rock sample of small size or with low REE concentrations, the dried sample was dissolved in 10 µl of 0.1M HNO 3 , and then the whole sample solution was injected into the sample loop. These operations give the REE concentrations in the sample solution concentrated by a factor of 1 to 2.5 relative to the original rock. The injected sample was carried by 0.1M HIBA through the HPIC line at a flow rate of 1.0 ml/ min, and then adsorbed onto the column. The temperature of the column was kept at 40°C throughout the measurement. The concentration of HIBA in the eluant entering the column was gradually raised from 0.1M to 1M in 27 minutes by changing the flow rates of two eluants (0.1M-and 1M-HIBA) with the total flow rate being constant at 1.0 ml/min (see the gradient program in Table 1 ). The chromatographically separated each REE and Y was eluted out between 9 min and 29 min, and reacted with 0.018% Arsenazo III supplied at a rate of 0.8 ml/min. The REE in the eluate were then detected photometrically at a wavelength of 655 nm. After the elution of REE, the column was successively cleaned by 1M HIBA till 42 min. At 42 min, the eluant was changed to 0.1M HIBA, and the HPIC system was ready for the next measurement at 46 min.
After the reduction of the baseline data, the peak height of each REE on the chromatogram was measured. Generally, peak area rather than peak height is selected for the quantitative analysis in HPIC/HPLC for various uses. However, the comparison of these two methods using the same chromatogram data obtained in this study revealed that the peak-height method gives better results than the peak-area method especially for the measurement of low levels of REE. It seems that this is partly due to the slight tailing of the REE peaks. The REE concentrations in the sample solution were determined by calibration-line method. Two standard solutions were used to determine the calibration line. The REE concentrations in the standard 1 were 50 µg/ml for Ce and Y, 40 µg/ml for
Fig. 2. A typical chromatogram obtained for a rock sample (40 mg of JB-3, run #1 in Table 3). Note that all fourteen REE and Y are well resolved and no other interfering peak is observed.
La, 30 µg/ml for Nd, 20 µg/ml for Gd and Dy, 10 µg/ml for Sm, Er and Yb, and 8 µg/ml for Eu, Tb, Ho, Er, Tm and Lu, and those in standard 2 were all 1/20 of the standard 1. The deviation from linearity in the calibration curve appears at ~100 µg/ ml for La and Ce, ~70 µg/ml for Pr, Nd, Sm and Eu, and ~50 µg/ml for Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y. Since Ce is the most abundant REE in almost all rock types, the sample solution should be prepared to give the Ce concentration below 100 µg/ml.
RESULTS AND DISCUSSION
HPIC separation
A typical chromatogram obtained for a rock sample is shown in Fig. 2 . In the previous HPIC/ HPLC studies (Cassidy, 1988; le Roex and Watkins, 1990; Watkins and le Roex, 1992; Asahara et al., 1995; Na et al., 1995) , the Y peak was not resolvable from the peak of Dy or Ho. Because it is difficult to separate Y from REE by a simple procedure of matrix removal as adopted in this study and other previous studies, Dy or Ho in the rock samples was not measurable in the previous HPIC/HPLC studies. The previous studies also had a problem in analysis of Er, Tm or Lu due to peak-overlap caused by other elements such as Sc and Th, or insufficient sensitivity for detecting these elements. In the chromatogram of this study (Fig. 2) , Dy and Ho are well resolved from Y, and no other interfering peak was observed. This indicates that the use of the high-resolution HPIC column (Shodex IC R-621) and the run con- Imai et al. (1995) . C1 chondrite values are from Anders and Grevesse (1989) . The HPIC data in this study show smoother, and more coherent REE patterns than the recommended values. Imai et al. (1995) .
Fig. 3. Chondrite-normalized REE patterns for GSJ rock reference samples. Solid circles indicate the data of this study obtained by the HPIC. Open circles represent the recommended values by
ditions selected (Table 1) are quite effective for the rock analysis. A satisfactory resolution of the HPIC in this study makes it possible to measure all REE in rock samples.
Detection limits for this HPIC procedure ranged from 0.5 ng for light REE to 1 ng for Heavy REE. No detectable REE peak was observed on the chromatograms obtained by the measurement of blank samples prepared every batch of runs, indicating that the procedural blank and the memory on the HPIC column were both negligible for all REE.
Analysis of rock reference samples
Analytical results for twelve GSJ rock reference samples are listed in Tables 2 and 3 , and plotted as chondrite-normalized diagrams in Fig. 3 . The REE data for all these rocks produce smooth REE pattern with or without Eu anomaly, as shown in Fig. 3 , indicating that all REE were successfully measured by the HPIC. The REE values obtained for JB-1a, for which relatively precise REE data are available, show good agreement with the recommended values of Imai et al. (1995) within the estimated errors (Table 2 and Fig. 4) . The ra- Imai et al. (1995 ), Ref. 2: Makishima and Nakamura (1997 ), Ref. 3: Hirata et al. (1988 ), Ref. 4: Kamioka and Tanaka (1989 , Ref. 5: Watkins and le Roex (1992) .
tios of the obtained values normalized by recommended values (C obs /C ref in Fig. 4 ) are within the range between 0.97 and 1.06, except for Ho (1.17). Considering that the Ho value in this study (0.83 µg/g) is consistent with the recent ICP-MS results (e.g., 0.81 µg/g in Barrat et al., 1996; 0.84 µg/g in Yajima and Fujimaki, 2002) and also produces coherent REE pattern in Fig. 3 , our Ho value for JB-1a seems more accurate than the recommended value.
To evaluate the reproducibility of the HPIC technique of this study, ten separate analyses were made for JB-3 (Table 3 ). The sample sizes used for the analysis range from 21 mg to 62 mg. Even in the analyses of the samples as small as 20 mg, the signal intensity was high enough to determine the low levels of heavy REE such as Tm and Lu. Relative standard deviations of the measured values are within 3 to 5% for all REE, showing good reproducibility in the HPIC analysis in this study. The average REE concentrations of JB-3 determined in this study are again consistent with the recommended values (Table 3 and Fig. 4) . Although the C obs /C ref ratios in Ho (1.18) and Tm (0.91) are apparently deviated from those in other REE (0.94 to 1.03), the REE values of this study including Ho and Tm are consistent with the values obtained by ICP-MS (Hirata et al., 1988; Makishima and Nakamura, 1997, see Table 3 ), indicating that all REE are precisely determined. It should be stressed that our data show good agreement with the values given by ID-TIMS (Kamioka and Tanaka, 1989) , which confirms the high accuracy in our REE measurement (Table 3) .
The REE data obtained for other rock reference samples are also in agreement with the recommended values except for some elements such as Dy, Ho, Er and Pr, which make the REE patterns of recommended values significantly jaggy, but produces smooth, coherent pattern in this study (Fig. 3) . These observations indicate that the HPIC data in this study have high precision and accuracy for all fourteen REE for these samples. For JGb-1 and JG-1a, however, the Lu values obtained (Imai et al., 1995) and for the values determined in this study, respectively. The errors in C obs for JB-1a are assumed to be 4% for all REE. in this study seem to be significantly lower than the recommended values (Table 2 and Fig. 3 ). Although our Lu value for JGb-1 (0.134 µg/g) is likely to be accurate as indicated by the consistency with the value determined by ID-TIMS (0.138 µg/g: Kamioka and Tanaka, 1989) , our Lu value for JG-1a may be too low. Yokose and Yamamoto (1997) reported that it took four days to decompose zircon in JG-1a by HF-HNO 3 -HClO 4 digestion method at 130°C, and that incomplete decomposition of zircon caused significantly lower measured values of heavy REE especially for Lu and Yb. Although the weight of JG-1a powder used in this study (58 mg) was much smaller than that in Yokose and Yamamoto (1000 mg), it is possible that the condition of acid digestion adopted in this study (140°C for 12 hours) was not sufficient to decompose zircon in JG-1a completely.
. REE concentrations determined for JB-1a and JB-3 using the HPIC in this study (C obs ) compared with the recommended values (C ref ). Thin and thick vertical bars indicate 1σ errors for recommended values
Apart from Lu (and possibly some of heavy REE) in JG-1a, results from this study show that a wide range of igneous rock types can be accurately analyzed for all REE by the HPIC using relatively small samples (~50 mg). As some authors reported the REE data of GSJ rock reference samples determined by HPIC/HPLC, direct comparison can be made between the data of this study and the previous studies. Watkins and le Roex (1992) measured the REE concentrations in fifteen GSJ rock reference samples (including the ones analyzed in this study) by the HPIC, in which oxalic acid, diglycolic acid and water was used as eluants and PAR was used as a post-column reagent. They obtained good results comparable to this study (Table 3 ) with the reproducibility being <4%. However, in their method, 500 to 1000 mg of rock samples were required and Ho, Tm and Lu were not measurable. Na et al. (1995) adopted the HPLC, essentially identical to that of Cassidy (1988) , where HIBA and Arsenazo III were used as eluants and post-column reagent, respectively. Although they measured REE in 100 mg of five GSJ rock reference samples (JB-1a, JA-1, JR-1, JG-1a and JGb-1), Dy was not measurable and the 1σ errors for Tb, Tm and Lu values were as large as 5 to 40%. These comparisons reveal that the HPIC in this study is significantly advanced in terms of sensitivity, precision and number of measurable elements relative to the previous HPIC/HPLC for REE analysis.
Utility of the method
The HPIC technique described here enables us to determine all fourteen REE in relatively small samples (<50 mg) with satisfactory precision and accuracy. As the detection limits of REE in this technique are 0.5 to 1 ng, 0.02 µg/g of REE in 50 mg of rock sample can be measured in the normal procedure. With this sensitivity, the REE in most of natural rock samples can be determined, and even the samples having very low REE abundances such as mafic cumulate and peridotite may be measurable if the sample size is increased.
A drawback or demerit of this technique to be encountered in the routine analysis is that it is somewhat time-consuming. However, the procedure for matrix removal used in this study is quite simple, and the HPIC analysis can be made automatically. Therefore highly skilled experimenters or operators are unnecessary for REE determination. In addition, instrumental, running and maintenance costs for this HPIC are all less expensive than those for ICP-MS, ICP-AES and INAA. It must be stressed that this technique is provably one of the most inexpensive means to obtain highquality data of all fourteen REE in rock samples. From this point of view, the HPIC technique can be an alternative to ICP-MS for wide geochemical applications.
